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Biologicalnetworksareinherentlymodular,yetlittleisknownabouthowmodulesareassembledto
enable coordinated and complex functions. We used RNAi and time series, whole-genome
microarray analyses to systematically perturb and characterize components of a Caenorhabditis
elegans lineage-speciﬁc transcriptional regulatory network. These data are supported by selected
reporter gene analyses and comprehensive yeast one-hybrid and promoter sequence analyses.
Based on these results, we deﬁne and characterize two modules composed of muscle- and
epidermal-specifying transcription factors that function together within a single cell lineage to
robustly specify multiple cell types. The expression of these two modules, although positively
regulated by a common factor, is reliably segregated among daughter cells. Our analyses indicate
that these modules repress each other, and we propose that this cross-inhibition coupled with their
relative time of induction function to enhance the initial asymmetry in their expression patterns,
thus leading to the observed invariant gene expression patterns and cell lineage. The coupling of
asynchronous and topologically distinct modules may be a general principle of module assembly
that functions to potentiate genetic switches.
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Introduction
Gene regulatory networks control spatial and temporal
patterns of gene expression during embryonic development
to produce a wide array of cell types (Davidson, 2006). Our
knowledge of the structure and function of these gene
regulatory networks has been largely gained through focused
efforts to understand one or two components at a time. These
studies gradually coalesce to reveal interactions among
components, thus providing mechanistic insight into develop-
ment, evolution, and disease (von Dassow et al, 2000;
Davidson et al, 2002a; Maduro and Rothman, 2002). The
development of quantitative genome-scale methods is provid-
ing new opportunities for discovery and analysis that are not
limited to abundantly expressed genes or mutants that
produce highly penetrant phenotypes. For example, the
structure of transcriptional regulatory networks is being
inferred by physical methods that identify, on a genome-wide
scale, transcription factor (TF)-binding sites (Boyeret al, 2005;
Zeitlinger et al, 2007). Although these methods offer the
possibility of detecting direct protein–DNA interactions,
binding is necessarily assumed to correspond to functional
gene regulation, which could be positive or negative and weak
or strong. Therefore, others are exploiting the speciﬁc
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traditional functional approaches with genome-scale experi-
mental and computational methods to discover and validate
thegeneregulatorycircuitriesthatspecifycelltypes(Davidson
etal,2002a,b;Stathopoulosetal,2002;Baughetal,2005a).As
more precise models of developmental regulatory networks
become available, we expect to discover general principles
regarding their organization and function and better
understand the evolution and robustness of development
mechanisms.
Caenorhabditis elegans embryonic development is charac-
terizedbyaninvariantcelllineage(Sulstonetal,1983)making
it possible to deﬁne discrete gene expression states for each
cell in the developing embryo, and thus provides a powerful
experimental platform for investigating the structure and
function of gene regulatory networks. The ParaHox gene pal-1
is the C. elegans caudal ortholog and is necessary and
sufﬁcient to specify the identity of the C blastomere (Hunter
and Kenyon, 1996), which is born at the eight-cell stage of
embryogenesis and produces primarily posterior body-wall
muscle and epidermis (Sulston et al, 1983; Figure 1). We
previously identiﬁed a set of 13 putativeTFs whoseexpression
in the C lineage is dependent on pal-1 (Baugh et al, 2005a).
Transcription of these TFs is initiated in distinct temporal
phases, which together with their tissue-restricted expression
patterns led us to propose a provisional model of the
regulatory network speciﬁed by pal-1 (Baugh et al, 2005a).
We used a genetic approach coupled to microarray analysis
of precisely staged embryos to comprehensively identify
interactions between these regulators and their targets. We
reasoned that analysis of a set of systematic perturbations of
TF function and the resulting gene expression patterns should
reveal the set of transcriptional regulatory relationships
comprising the C-lineage regulatory network. The resulting
network architecture, or topology, would consequently pro-
videinsightintothemechanismsthatensureﬁdelityofcellfate
determination and patterning. We used whole-genome micro-
arrays to collect transcript abundance data from precisely
staged embryos depleted for each of the 13 TFs by RNAi.
TF-DNA-binding studies and computational analysis were
also integrated with the expression data. Our results indicate
thattheepidermalandmuscleTFsarearrangedintopologically
distinct regulatory subnetworks, or modules, and that these
modules repress one another and compete to specify cell fate.
Speciﬁcation of other cell fates in C. elegans as well as in other
organisms is likely to rely on similar fate-speciﬁc regulatory
modules, and we speculate that these modules may also
compete via direct, mutual repression, thus accounting for the
mutually exclusive nature of cell fate decisions.
Results
Inference of network topology
TostudythefunctionoftheC-lineagegeneregulatorynetwork,
we used RNAi to knock down expression of the 13 TFs
expressed early in the C lineage, and then used whole-genome
microarrays to assess each perturbation for changes in mRNA
abundance. RNAi has several advantages as a method to
perturb gene function: it reduces both maternal and zygotic
transcripts, thus avoiding maternal rescue effects; for essential
genes, it allows collection of fully affected progeny; and it
enables comparison between perturbations. Measuring tran-
script levels on microarrays is also advantageous, because it is
highly parallel, allowing direct comparisons between genes
within each perturbation, and it is comprehensive, thus
enabling discovery of regulated genes. In addition, it allows
direct comparison to previous efforts to characterize the pal-1
regulatory network (Baugh et al, 2005a,b). To increase
sensitivity and speciﬁcity, we used mex-3 mutant mothers
whose progeny are primarily composed of C-like lineages
(Draper et al, 1996). In each case, RNA was collected from
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Figure 1 Development of the C lineage and experimental design. The C blastomere is born at the eight-cell embryonic stage and follows an invariant cell lineage to
produce 32 muscle cells, 13 epidermal cells, 2 neurons (N), and 1 cell death (X). The two arrows indicate the asymmetric cell divisions where muscle and epidermal cell
fates are segregated in the lineage, as depicted by gray and yellow lines. Temporal and spatial expression patterns for 13 TFs expressed in the C lineage under the
control of pal-1 are summarized to the right of the lineage. The background color indicates the temporal and spatial expression pattern of each TF. ‘X’ indicates time of
initialdetectionofzygoticgeneproductand‘O’indicatesatimepointcollectedformRNAexpressionanalysisfollowingRNAiofeachTF.ELT-1isinitiallydetectedinCap
and Cpp, but diminishes quickly while persisting in the epidermal precursors and their descendants as shown (Page et al, 1997). hnd-1 expression is ﬁrst detected at
the 4C stage (Baugh et al, 2005a), but expression in the C lineage is ﬁrst detected at the 8C stage (Mathies et al, 2003).
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expression of the targeted TF mRNA (Figure 1). We note that
our sampling of only two time points might underestimate the
magnitude of the observed effect of RNAi on mRNA levels,
particularly if the expression level of the assayed mRNA peaks
before or after the selected time points. The paralogous tbx-8
and tbx-9 genes, which were previously demonstrated to be
functionally redundant (Pocock et al, 2004b; Baugh et al,
2005b),weresimultaneously targeted by RNAito assaya more
penetrant effect on gene expression. A principal components
analysis of the microarray data from the 12 perturbations
showed that the effects of pal-1 RNAi and the double RNAi of
tbx-8 and tbx-9 (tbx-8,9) are distinct from untreated and all
other RNAi perturbations (Supplementary Figure 1). A closer
inspection of the microarray data revealed that those were the
only TFs whose perturbations had a large effect on the
expression of transcripts of other C lineage enriched genes
(Baugh et al, 2005a). This suggests that, despite RNAi being
effective in each case (see below), depletion of most of the TFs
involved in the speciﬁcation of the C lineage did not grossly
alter progression of C lineage development.
Analysis of the Drosophila segment polarity and dorsoven-
tral gene regulatory networks has revealed substantial
regulatory interactions among and between TFs and signaling
molecules (Lawrence and Struhl, 1996; Stathopoulos et al,
2002). To identify potential regulatory effects among the set of
allpal-1-regulatedTFs,weexaminedtheexpressionofeachTF
mRNA following RNAi of each other TF. The results are
presented graphically in Figure 2. We found that the RNAi
treatment was effective at decreasing transcript abundance of
the target mRNA as indicated by the green circles along the
diagonal of Figure 2. The left-most column of Figure 2 shows
the effect of pal-1 RNAi on expression of each of the TFs,
demonstrating that the TFs in the experiment do in fact mostly
behave like PAL-1 targets, as their expression decreased
following pal-1 RNAi. However, unc-120 expression appears
to increase following pal-1 RNAi. This result is at odds with
multiple microarray and reporter gene experiments and may
indicate either a transient response to pal-1 inhibition that is
subsequently resolved (Baugh et al, 2005a; Fukushige et al,
2006), or could be due to the mex-3 mutant background used
for these studies. The other exception is elt-1, which despite
the microarray data, we have validated as a pal-1 target by
analysis of reporter constructs (see below). In addition, the
known dependence of elt-3 and lin-26 expression upon elt-1
function (Gilleard et al, 1999b; Landmann et al, 2004) and the
positiveregulationofvab-7by tbx-8,9(Pococketal,2004b)are
readily apparent in the data (Figure 2).
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Figure 2 A perturbation–expression matrix for a set of lineage-speciﬁc TFs. The graph indicates the fold increase or decrease (RNAi relative to untreated) and
statistical signiﬁcance (Z-score) for the effect of each TF RNAi (columns) on each TF expression level (rows). The time point with the largest fold-change was selected.
Where the fold change is less than 1.3 fold, a small gray circle is shown. The rows and columns are organized by spatial expression pattern of each TF with the same
color scheme as in Figure 1. Muscle and epidermal submatrices are outlined by gray and yellow dashed lines, respectively. Positive yeast one-hybrid results
are indicated by gray squares and represent the interaction between the TF protein (column) and 1.5kb of noncoding DNA sequence 50 of a particular TF gene (row).
All yeast one-hybrid combinations were tested with the exception of those involving the promoter of lin-26, which is a member of an operon. tbx-8 and tbx-9
are chromosomal neighbors transcribed in opposing directions, and consequently share a putative promoter region. Positive results for TBX-8 and TBX-9 have been
combined (See Supplementary Figure 2 for complete data set).
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RNAi and pal-1 RNAi uniquely had large effects on embryonic
gene expression, and this analysis suggests that they have
strikingly similar effects on C-lineage gene expression
(Figure 2; Figure 5; Supplementary Figure S1). It is interesting
to note that at this level of analysis the role of tbx-8,9 and pal-1
appear to be equivalent. This observation, combined with the
similarity between the terminal embryonic loss-of-function
phenotypes of tbx-8,9 and pal-1 (Hunter and Kenyon, 1996;
Edgar et al, 2001; Pocock et al, 2004a; Baugh et al, 2005b),
leads us to propose that the tbx-8,9 genes function at a high
level in the network, perhaps supporting pal-1 to specify the C
lineage. Indeed, induced expression of either pal-1 or tbx-8 or
tbx-9 can induce expression of the other two (JJS and CPH, in
preparation).
A simplifying assumption is that the initial regulatory
interactions will be among the coexpressed genes. Thus our
initial analysis focuses on TFs expressed exclusively in either
epidermal or muscle precursors (yellow and gray boxes in
Figure 2). Our goal is to use the microarray and reporter gene
analyses to infer probable regulatory relationships among
these subnetworks of epidermal- and muscle-speciﬁc TFs. We
next investigate the interactions between these subnetworks,
or modules, to gain insight into the regulatory mechanisms
that lead to the patterned speciﬁcation of multiple cell fates
among sister cells.
A regulatory module controlling epidermal
speciﬁcation
ELT-1 is necessary and sufﬁcient to induce epidermal devel-
opment (Gilleard et al, 1999a), and analysis of an elt-1pHGFP
reporter gene (Figure 3A and B) conﬁrmed previous expecta-
tions that elt-1 is a PAL-1 target in the C lineage epidermal cells
(Baugh et al, 2005a). To generate a model of the regulatory
relationships among the TFs expressed exclusively in epider-
mal cells, we inferred putative regulatory relationships from a
combination of microarray and reporter gene analysis. Effects
on epidermal TF expression following epidermal TF RNAi
were graphed as either positive or negative regulatory
interactions based on whether expression was decreased or
increased following RNAi (Figure 4A and C). Previous work
has demonstrated that elt-1 is required for expression of elt-3
and lin-26 (Gilleard et al, 1999b; Landmann et al, 2004), and
during wild-type development, elt-1 mRNA, and protein are
detected a cell cycle beforeelt-3, lin-26, and nhr-25 (Labouesse
et al, 1996; Page et al, 1997; Gilleard et al, 1999b; Baugh et al,
2005a). Following pal-1 RNAi we failed to detect a signiﬁcant
decrease in elt-1 mRNA by microarray, although we did detect
the expected decrease in mRNA levels of the epidermal PAL-1
targets elt-3, lin-26, and nhr-25 (Figures 2 and 4A). Thus, our
microarray data are consistent with ELT-1 acting as a positive
regulator for elt-3 and lin-26 and suggests that nhr-25 is
likewise regulated by ELT-1 (Figures 2 and 4A). The inferred
positive regulation of nhr-25 by elt-1 was validated using an
nhr-25pHYFPreporter(Figure3EandF).Surprisingly,RNAiof
each of the ELT-1 targets generally increased transcript
abundance of the other targets as well as of elt-1 (Figure 2).
Such an increase suggests that LIN-26, NHR-25, and ELT-3
feedbacktonegativelyregulateelt-1expressionanddirectlyor
indirectly repress each other’s expression. Negative feedback
regulation of elt-1 expression by ELT-1 targets is consistent
with the temporal expression pattern of elt-1 mRNA, which
peaks early and then decreases (Baugh et al, 2003). The
apparent inhibition among the ELT-1 target genes likely
reﬂects this negative feedback on their common inducer. This
inference is supported by TF-DNA interaction studies
described below. In summary, we propose that elt-1, elt-3,
lin-26, and nhr-25 function as a regulatory module to control
early epidermal development, and we refer to this subnetwork
as the epidermal module.
A regulatory module controlling muscle
speciﬁcation
Previous phenotypic and molecular analyses indicate that
muscle speciﬁcation activity is distributed among the three
muscle-expressed TFs, hlh-1, hnd-1, and unc-120, as the
function of at least two of these TFs must be simultaneously
perturbed to disrupt muscle development, whereas only the
depletionofallthreecaneliminatemuscle(Baughetal,2005b;
Fukushige et al, 2006). Consistent with previous work
demonstrating that hlh-1 and hnd-1 are PAL-1 targets (Baugh
et al, 2005a; Fukushige and Krause, 2005b; Fukushige et al,
2006), our microarray results show that mRNA levels for hlh-1
and hnd-1 decreased following RNAi of pal-1 (Figure 2).
Inexplicably, in this experiment with mex-3 mutant embryos,
unc-120 mRNA levels were not reduced by pal-1 RNAi
(Figure 2); however, given the consistency of the published
results (Baugh et al, 2005a; Fukushige et al, 2006), we
henceforth include unc-120 as a PAL-1 target gene.
A hypothesis to explain the observed genetic redundancy is
that each of the three muscle TFs coactivate each other’s
expressionasseenwith theirvertebratehomologs (Weintraub,
1993; Yun and Wold, 1996; Baugh and Hunter, 2006).
Consistent with this expectation, expression of hnd-1 and
unc-120 decreased following RNAi of each other or hlh-1.I n
contrast, hlh-1 expression appears to increase following RNAi
of hnd-1 or unc-120, suggesting that they each repress hlh-1
transcription (Figures 2 and 4C). Consistent with negative
feedback regulation of hlh-1, hlh-1 mRNA levels decline
following a peak of two cell cycles after induction (supple-
mentary Table 1). Finally, in contrast to the epidermal TFs,
expression of all three muscle TFs is detected at the same time
in the C-muscle progenitors (Figure 1; JMC and CPH,
unpublished results), thus we infer a single, pal-1-dependent,
regulatory step that initiates a self-sustaining subnetwork, or
muscle module that controls muscle speciﬁcation.
Limitation of the approach in addressing
‘patterning’ TFs
RNAi of the three genes homologous to known patterning
genes—vab-7, scrt-1, and nob-1—did not produce an effect on
gene expression that aligned the activity of these genes with
the high-level regulators (pal-1 and tbx-8,9), either cell-type
module or between each other. We thus elected to not attempt
to include them in the topology inference. In part, this is to be
Competitive modules pattern embryonic development
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organization of a subset of the muscle and epidermal cells. For
example, vab-7 is expressed in only a subset of C-derived cells
and controls the spatial organization of muscle and epidermal
cells (Ahringer, 1996).
Potential transcription factor–DNA interactions
The microarray data provide genetic information regarding
the transcriptional regulation of each of the TFs. In particular,
thedata suggest how the expressionofeach TF dependson the
function of each other TF, but they do not indicate whether
regulation is direct or indirect. Consequently, the number
of regulatory interactions to be considered is numerous and
can obscure the logic of a module topology. Relying on simple
parsimony, attempting to explain all the data with a minimal
number of regulatory steps, is a common means of inferring
regulatory topologies but can be misleading, as networks are
not necessarily designed for such efﬁciency. An alternative
approach that complements functional data quite well is to
identify direct TF–promoter interactions. To identify potential
direct TF–promoter interactions, we used the yeast one-hybrid
E wild type
nhr-25p::GFP
F
nhr-25p::GFP
elt-1 RNAi
A
elt-1p::GFP
wild type B
elt-1p::GFP
pal-1 RNAi
D
elt-1p::GFP
hlh-1; unc-120 RNAi C
elt-1p::GFP
hlh-1 RNAi
G wild type
hlh-1p::GFP
H
hlh-1p::GFP
elt-1 RNAi
Figure 3 Reporter gene analysis validates key inferred interactions. Two-dimensional projections of three-dimensional confocal microscopy images are shown for
elt-1pHGFP reporter gene 150min after the 4-cell stage (221C; B16C stage) for wild-type (A), pal-1 RNAi (B), hlh-1 RNAi (C), and hlh-1; unc-120 double
RNAi (D). Similar projections are shown for an nhr-25pHYFP reporter gene 200min after the 4-cell stage (B31C stage) for wild-type (E) and elt-1 RNAi (F), and for
an hlh-1pHYFP reporter gene at the same time for wild-type (G) and elt-1 RNAi (H). The number of cells expressing elt-1pHGFP was not found to differ from
wild-type (A) following hlh-1 RNAi (C) or hlh-1; unc120 RNAi (D) (data not shown). The number of cells expressing hlh-1pHYFP was found to increase following
elt-1 RNAi, from a wild-type average of 30 (n¼5) to an elt-1 RNAi average of 42 (n¼8), while 100% transformation from epidermal-to-muscle cell fate (between sister
cells) should result in an increase of 16 hlh-1pHYFP-positive cells.
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of noncoding DNA sequence 50 of the translation start site of
each gene encoding every other TF. Detected interactions are
shown as gray squares in Figure 2 (full data set is presented in
Supplementary Figure 2). Two general patterns are apparent:
PAL-1 and the TBX-8,9 proteins account for over one-third of
the detected interactions,consistent with their functioning at a
high level in the network, and 10 of the 13 tested TFs bound to
the elt-1 promoter region, suggesting that elt-1 is a highly
connected node in the network with complex regulation.
To complement the yeast one-hybrid analysis, we searched
for putative TF-binding motifs among short, conserved
noncoding sequences. We reasoned that functional binding
sites were likely to be ancient, and therefore embedded within
conserved sequences, whereas nonfunctional sequences are
likely to arise randomly and are more likely to be found in
nonconserved regions. For this analysis, we relied on general-
ized domain-binding sites: the GATA factors ELT-1 and ELT-3
were assumed to bind to the relatively ubiquitous GATA site,
HLH-1 and HND-1 to the E-box site, and UNC-120 to the CaRG
site (Vlieghe et al, 2006). The number of evolutionarily
conserved occurrences of each binding site and the associated
Z-score are presented in Table I. As both the detection of
TF-promoter-binding and putative TF-binding sites operate on
a relatively small subsequence of the entire promoter, they are
more likely to suffer from higher false-negative than false-
positive rates.
Where multiple regulatory interactions or edges are
consistent with the microarray data (Figure 4 A and C), we
used the predictions inferred by the yeast one-hybrid results
and presence of conserved TF-binding motifs to describe
minimal module topologies (Figure 4B and D) and infer
functional properties. Thus the proposed epidermal module is
composed of two sequential positive regulatory steps with
negative feedback on elt-1. This negative feedback may delay
commitment to the epidermal fate. In contrast, the proposed
muscle module is a self-reinforcing feed-forward loop that
would be expected to commit cells irreversibly to the muscle
fate. These ideas are more fully explored in the Discussion.
Mutual repression between epidermal and muscle
modules
The C lineage produces muscle and epidermal cells in a
reproducible pattern, yet C-lineage expression of both
hnd-1
pal-1
elt-1
pal-1
elt-1
A
C
B
D
nhr-25 lin-26
pal-1 pal-1
lin-26 nhr-25 elt-3 elt-3
Supported
by y-1-h
Supported
by TF motif
unc-
120
unc-
120
hlh-1 hlh-1 hnd-1
Figure 4 Inference of cell type-speciﬁc regulatory interactions. A network representation of the perturbation-expression data is presented for the epidermal (A) and
muscle (C) TFs. Each edge or arrow represents an inferred regulatory interaction (Figure 2, fold-difference >1.5, though most are >2), where decrease and increase in
mRNA expression following RNAi is interpreted as activation (green) and repression (red), respectively. In the graphs in panels B and D, the red and green edges are
those supported by either a yeast one-hybrid interaction (Figure 2, Supplementary Figure 2) or the presence of a signiﬁcant number of putative TF-binding sites in
the inferred target promoter region (Table I); the blackarrows correspond to edges supported by microarray and reported genetic data, but not supported by eitheryeast
one-hybrid or presence of putative TF-binding sites. Although none of these motifs has been validated as a functional cis-regulatory binding site by mutational analysis
or otherwise, nor have the yeast one-hybrid interactions been conﬁrmed in vivo, all are consistent with the topologies inferred for the epidermal and muscle modules,
and they provide hypotheses regarding which regulatory relationships are likely to be direct.
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the question of how one factor can reliably specify two
opposing fates. It is logical to hypothesize that the epidermal
and muscle modules promote mutually exclusive gene
expression states by at least one module inhibiting the
expression of the other. Examination of Figure 2 shows strong
asymmetric inhibition between the muscle and epidermal
modules or their component parts. For example, with one
exception, RNAi of any of the three muscle TFs resulted in
increased expression of all four epidermal TFs, suggesting that
the muscle module represses the epidermal module. Given the
topology of the epidermal module (Figure 4A) combined with
the yeast one-hybrid data (Figure 2, Supplementary Figure 2),
the simplest hypothesis is that the muscle TFs repress elt-1
transcription and thus, indirectly, each ELT-1 target TF.
Similarly, the RNAi data suggest inhibition of the muscle
module by elt-1 and some of its targets (Figure 2).
Given the complexities of the interactions among module
components and our limited temporal data, we reasoned that
an independent set of ‘downstream’ muscle and epidermal
genes would prove to be a reliable indicator of muscle and
epidermal module activity. Therefore, by referring to indepen-
dent published studies we identiﬁed a set of 10 epidermal and
22 muscle genes (see Materials and methods). As expected
(Hunter and Kenyon, 1996), pal-1 RNAi depressed median
expression of both gene sets (Figure 5). Furthermore, median
expression of the epidermal gene set decreased signiﬁcantly
following elt-1 RNAi and to a lesser, but signiﬁcant, extent
following RNAi of lin-26, nhr-25, and elt-3—consistent with
ELT-1 initiating the module and the ELT-1 target genes
regulating distinct subsets of epidermal genes. Likewise, the
muscle module is required for full expression of the muscle
gene set as RNAi of hnd-1 or unc-120 causes a modest but
signiﬁcant decrease in median expression of the muscle gene
set (Figure 5). However, hlh-1 RNAi does not appear to affect
expression of this speciﬁc set of downstream muscle genes.
The lack of a detectable effect of hlh-1 RNAi on muscle gene
expressionisnotduetoincompleteRNAi,becausehlh-1transcript
levels were reduced over 10-fold and other genes were clearly
affected, including the epidermal gene set (Figures 2 and 5). It is
possible that hlh-1 is not involved in the regulation of this speciﬁc
s e to fm u s c l eg e n e so rt h a tt h et o p o l o g yo ft h em u s c l em o d u l e
(Figure 4) enables robust muscle speciﬁcation in the absence of
hlh-1; however, it is also likely that these transcript levels decrease
after our sampled time points.
Revisiting cross-inhibitory interactions using expression of
the muscle and epidermal gene sets as a proxy for muscle and
epidermal module activity, we ﬁnd that hlh-1 RNAi and unc-
120 RNAi resulted in a signiﬁcant increase in epidermal gene
setexpression.Theseobservationssupporttheconclusionthat
the muscle module represses epidermal module activity.
However, RNAi of hlh-1 or the double RNAi of hlh-1 and
unc-120 did not affect the number of cells expressing an
elt-1pHGFP reporter gene (Figure 3A, C and D). This is consis-
tent with a lack of muscle-to-epidermal cell fate transforma-
tion, even in the absence of all three muscle module TFs
(Fukushige et al, 2006). This indicates that the signiﬁcant
increase in epidermal gene expression detected by our quanti-
tative microarray data (Figures 2 and 5) is likely restricted to
the epidermalprecursors. Theseresultsindicate that, although
expression of hlh-1, hnd-1, and unc-120 is not detectable
in epidermal cells, the muscle module partially inhibits
epidermal module function in epidermal cells.
A reciprocal inhibition of muscle module activity by the
epidermal module is detected, but the increase in muscle gene
expression is limited to perturbation of elt-1 and is modest
(Figure 5). Consistent with the epidermal-to-muscle transfor-
mation that occurs in the C lineage of an elt-1 mutant (Page
et al, 1997), elt-1 RNAi results in an increase in the number of
cells expressing an hlh-1pHYFP reporter gene (Figure 3G and
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GATA site [WGATAR] 0 1 4  5  2  4  5 5 1 1 0 1 1
bound by ELT-1 and ELT-3  -1.4 0.5 2.5  3.4  4.7  1.4  2.2 -0.4 -0.4 -0.8 -0.7 -0.4 0.3 
E-box site [CANNTG] 4 0 0 1 0 0 3 2 9  3 1 0 0
bound by HLH-1 and HND-1  2.1 -0.5 -0.8 0  -0.2 -1.5 1 -1.4 8.5  1.4 0.5 -0.5 -0.7
CArG [CCN6GG] 0 0 0 1 0 0 0 7 0 3 0 0 0
bound by UNC-120  -0.5 -0.1 -0.3 1.6  0  -0.8 -0.6 4.8 -0.4 3.8 -0.4 -0.1 -0.3
TCF/LEF [TTTGAA] 3 1 1 0 0 0 1 7  3  2  2  6  2 
bound by POP-1 3.1 1.8 0.8 -0.6 -0.3  -0.8 0.5 3.4  3.6  2.7  5.1  7  3.4 
Eachcellindicatesthenumberofoccurrences(bold)oftheparticularsiteinconserved,noncodingsequences50 ofthespeciﬁedgeneandthecorrespondingZ-score(see
Materials and methods). Occurrences with X2 sites and with Z-score X1.4 are highlighted and indicated in Figure 4B and D. TFs are colored as in Figure 1.
aFor the putative hnd-1 promoter, noncoding sequence was not ﬁltered by evolutionarily conservation, as the C. briggsae sequence is incomplete and synteny with
respect to C. remanei is disrupted.
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ing that elt-1 is required for repression of hlh-1 transcription.
RNAi of elt-3, nhr-25, and lin-26, alone or in combination, did
not affect the number of cells expressing the hlh-1pHYFP
reporter gene (data not shown). These results suggest that the
reliable restriction of muscle speciﬁcation to two of the four C
granddaughters requires repression of the muscle module in
the epidermal precursors. We discuss below the implications
of the differing module topologies and their asymmetric
patterns of cross-inhibition. We note that ELT-1, the epidermal
module master regulator, is initially expressed broadly in all C
descendants, whereas the muscle module is induced subse-
quently in cells that produce exclusively muscle descendants.
Discussion
We investigated a transcriptional regulatory network that
controls the development of an embryonic cell lineage to
produce muscle and epidermal cell fates. The goal was to infer
thetopologyoftheregulatorynetworkbydeterminingthenear
immediate transcriptional consequences of knocking down
each constituent TF. The microarray analysis afforded a direct,
unbiased, and highly parallel approach to determine the
phenotype of the network at discrete time points; however, it
was also limiting as the sparse temporal sampling likely
missed some signiﬁcant changes in gene expression. The
expression data were complemented by a systematic yeast
one-hybrid binding analysis of all C lineage TFs as well as
computational analysis to identify likelyfunctional cis-binding
sites for these TFs. From these data, we are able to infer
whether and how the expression of any gene depends on the
function of any of the 13 TFs that comprise the C lineage
transcriptional regulatory network. We found that two highly
connected subnetworks, or modules, control speciﬁcation of
muscleandepidermalcellfatesandthatthesemodulesrepress
each other, effectively competing to specify alternative cell
fates (Figure 6). Here, we discuss these results and their
implications in our efforts to understand how a single TF
(pal-1) can specify and pattern multiple, mutually exclusive
cell fates in a single-cell lineage. Future experiments will
undoubtedlyfurtherreﬁnethemodelandpromisetoyieldnew
insight into cell fate speciﬁcation.
Cell fate-speciﬁc regulatory modules
The GATA factor ELT-1 speciﬁes epidermis in the C. elegans
embryo: although loss of elt-1 function results in a failure to
specifyallmajorepidermalcells(Pageetal,1997),ectopicelt-1
expression in all early blastomeres is sufﬁcient to convert the
entireembryointo epidermis(GilleardandMcGhee,2001). We
show that PAL-1 binds to the elt-1 promoter and that depletion
of pal-1 eliminates elt-1 expression in the C lineage. These
results indicate that PAL-1 activates transcription of
elt-1. Depletion of elt-1 reduces the expression of the other
epidermalTFs(elt-3,lin-26,andnhr-25),andthepromotersfor
each of these genes are enriched for putative functional
GATA-binding sites, suggesting that ELT-1 directly activates
these genes. Depletion of elt-1 and each of these ELT-1 target
genes also reduces the expression of a cohort of epidermal
differentiation genes. These results suggest a multistep
cascade of gene activation. However, depletion of each ELT-1
target gene results in an increase in elt-1 levels and the other,
nontargeted, epidermal TFs, suggesting negative feedback on
elt-1 expression (see below). The topology of the epidermal
module is thus composed of the inferred activation and
feedback regulatory steps as substantiated by positive yeast
one-hybrid results and/or predicted functional binding motifs
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Figure 5 The muscle and epidermal modules are differentially sensitive to perturbation and mutually repress each other. The effects of RNAi on epidermal- and
muscle-speciﬁc gene sets are presented as quartile boxplots. For clarity, only median (horizontal line) and two quartiles of each distribution are shown. Effects greater
than ﬁvefold are trimmed to ﬁvefold. P-values (see Experimental Procedures) of the deviation of the mean from the expected are indicated below the plots: *Pp0.05;
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 4. As in Figure 2, the time point with the largest fold effect was selected.
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the critical role of elt-1 as master regulator of epidermal
speciﬁcation and suggests that epidermal speciﬁcation occurs
via a two-step process.
The sensitivity of the epidermal module to elt-1 function is
demonstrated by a signiﬁcant decrease in downstream
epidermal gene expression following elt-1 RNAi (Figure 5).
By the same measure, epidermal module function is less
sensitive to the functions of lin-26, nhr-25,o relt-3. Although
disruption of each of these genes affects epidermal develop-
ment, it is not to the same phenotypic extent as disruption of
elt-1 (Labouesse et al, 1996; Page et al, 1997; Gilleard, 2001;
Chen et al, 2004). This is likely due to distributed activation of
the differentiation genes by each of the ELT-1 target genes and
to the topology of the epidermal module. Our data show that
depletion of each ELT-1 target gene results in increased
abundance of the other two, suggesting that these genes
negativelyregulateoneanother. Weproposethatthisfeedback
is mediated indirectly through effects on elt-1 expression
(Figure4).Becausealltheregulatoryinteractionsaremediated
by elt-1, this topology has the effect of stabilizing expression
amongtheELT-1targetgenes.The otherpossibilityisthateach
gene directly inhibits expression of the other two ELT-1 target
genes.Thistopologywouldhavetheeffectofamplifyinginitial
heterogeneities among ELT-1 target gene expression levels. As
these genes are coexpressed in at least some cells,we favor the
model whereby elt-1 integrates activation and feedback. Thus
characterization of the elt-1 promoter, which was bound by 10
of 13 tested TFs (Figure 2), should reveal much about how this
module is integrated with other cell fate and patterning
modules.
The speciﬁcation of muscle in animals relies on functionally
redundant networks of TFs (Molkentin and Olson, 1996; Yun
and Wold, 1996). In C. elegans, hlh-1, unc-120, and hnd-1
comprise the redundant gene set that speciﬁes the bodywall
muscle fate: embryos that lack all three fail to produce
bodywall muscle cells, whereas embryos in which any one of
the three remains functional produce an apparently normal
number of muscle cells, although the function of those cells is
compromised (Baugh et al, 2005b; Fukushige et al, 2006). The
robustnesstoperturbationofthesegenes,andbyextensionthe
muscle module, presents an obstacle to phenotypic analysis.
Our objective was to use microarray analysis to reveal
transcriptional responses that would enable us to propose a
topology for the regulatory interactions among these three
genes. However, because microarray data reﬂect both direct
and indirect effects, our results are consistent with a number
of network topologies. The yeast one-hybrid interactions
(Figure 2) and the presence of conserved TF-binding sites
(TableI)providepositiveevidenceforsomeoftheseedges,but
because of the high probability of false negative results, these
datacannotbeusedtoexcludeotheredges.Thus,inFigure4D,
we show a minimal topology for the muscle module that is
consistentwithallavailabledata,whileinFigure6,weattempt
to account for the phenotypic robustness of muscle speciﬁca-
tion by including additional edges supported by expression
data alone (Figure 4C). However, given the experimental
challenges introduced by the robustness of this module, the
proposed topology should be considered provisional. An
important aspect of the proposed muscle module topology is
the self-sustaining interaction between unc-120 and hnd-1,
whichisalsosupportedbythepresenceofpredictedfunctional
binding motifs in the presumed promoter regions of both
genes. The signiﬁcance of this proposed regulatory relation-
ship was demonstrated when knockdown of either gene
produced a signiﬁcant, but minimal, effect on the median
hlh-1
unc-120
hnd-1
unc-
120 hnd-1 hlh-1
Epidermal differentiation
elt-1 elt-1
Muscle differentiation
elt-3 nhr-25 lin-26
Cp
Cpa Cpp
pop-1
2C
4C
8C
tbx-8,9
pal-1
Figure 6 A model for the C lineage developmental regulatory network. A model for how pal-1 robustly speciﬁes and patterns multiple cell fates. The expression and
inferred regulatory interactions among C lineage TFs in only the posterior C daughter and its immediate descendants are shown, but the model is the same for the
anteriorC daughter. PAL-1 andTBX-8,9initiate Cblastomere development, inducingﬁrst elt-1suchthatELT-1is presentinallcellsat the4Cstage. Inthedaughtersof
theanteriorcell(8C stage), ELT-1continues tobe expressed andis active,inducingthe secondstage epidermalTFs andrepressing the muscle module. In the posterior
daughter cell, ELT-1 expression is not maintained and all three muscle module TFs are strongly activated, rapidly leading to a self-sustaining (inducer independent)
expression state—the presented muscle module topology is one of the several self-sustaining topologies consistent with the data (see text). The TF POP-1 is
asymmetrically deployed inthese anterior-posterior daughters at the 4C stage, but it isunknown whether POP-1 represses muscle development inthe anterior daughter
cells and/or activates muscle module expression in posterior daughter cells. POP-1 and/or its regulators may also inﬂuence ELT-1 activity.
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genes, whereas knockdown of hlh-1 had no effect (Figure 5).
As deletion alleles of these genes do not affect muscle
speciﬁcation (Fukushige et al, 2006), it is likely that the
immediate targets of these genes are regulated by at least two
ofthethreemuscle-module TFsor thattheregulatorytopology
of the downstream genes is also self-sustaining.
Our analysis suggests that the self-sustaining regulatory
interaction between unc-120 and hnd-1 (Figure 4D) likely
underlies the muscle module’s robustness to perturbation.
However, the fact that all three muscle genes are simulta-
neously induced bypasses the requirement for these interac-
tions for initiation of module expression. Furthermore, double
mutants between any two of these genes still produce
bodywall muscle; therefore, the expression of any single gene
must be sufﬁcient to specify muscle (Baugh et al, 2005a).Thus
the topology of the muscle module is not necessary for muscle
speciﬁcation. We propose that the irreversible gene expression
state produced by this self-sustaining arrangement functions
to commit cells to the muscle fate. Given such irreversibility,
other factors or pathways are likely necessary to restrict
induction of the muscle module to the muscle precursors. For
example, inhibition of the epidermal module expands muscle
module expression (Figures 3 and 5), suggesting that the
epidermal module acts to restrict muscle module activation.
However, the reverse is not true: depletion of muscle factors
does not result in an expansion of epidermal gene expression
(Figures 3 and 5). Thus, within the C lineage, the muscle
module is not involved in patterning, only in specifying cell
fate. The critical issue is when and where to deploy the muscle
module and how to contain its activity.
Competing modules and developmental patterning
PAL-1 speciﬁes muscle and epidermal cell types in the C
lineage by activating epidermal- and muscle-specifying mod-
ules that cannot be coexpressed at high levels in the same cell,
because they repress each other. Here, we discuss how these
mutually antagonistic modules are deployed so as to avoid
stochastic outcomes and robustly pattern muscle and epider-
mal development in the C lineage. Symmetry breaking within
the C lineage is essential to selectively activate the muscle
module in the two posterior daughter cells (myoblasts) at the
four-C-cell stage. Once activated, the double feed-forward
topology of this module rapidly renders its activation nearly
irreversible, committing cells to the muscle fate. The initial
symmetry breaking among the anterior–posterior daughter
cells likely involves the TCF/LEF homolog POP-1, which
accumulates to high levels in the nucleus of anterior daughter
cells and high cytoplasmic levels in posterior daughter cells
(Kaletta et al, 1997; Lin et al, 1998). Previous work has shown
that pop-1 and/or its regulators and effectors are critical
regulators of muscle speciﬁcation (Fukushige and Krause,
2005a). Whether POP-1 inhibits myogenesis in anterior cells
and/or activates myogenesis in posterior cells is unknown.
However, given the relative irrepressibility of the muscle
module,arequirementforcombinatorialactivationwithPAL-1
would provide a check on inappropriate expression of this
module. Based on the presence of conserved TCF/LEF-binding
sitesinthepromotersofhlh-1,unc-120,andhnd-1(TableI),we
predict that POP-1 directly regulates their transcription. Our
model for how the epidermal and muscle modules are
temporally and spatially activated in the C lineage is
summarized in Figure 6 and discussed below.
To specify multiple cell fates, PAL-1 ﬁrst activates elt-1 in the
Clineage(Figure3), andELT-1isreadilydetected atequivalent
levels in all four C granddaughters (4C stage) (Page et al,
1997). In the anterior C granddaughters, ELT-1 then induces
expression of the second stage epidermal TFs. At this time,
PAL-1activatesthemuscle module,but it becomesirreversibly
self-sustaining in only the posterior cells. However, in elt-1
mutants, muscle module expression is also established in
the anterior cells and they are transformed to muscle. This
suggests that the muscle module is at least minimally
coexpressed with the epidermal module and that elt-1 is
required to restrict muscle module activity to the posterior
daughters. In contrast, even in the absence of all three muscle-
module TFs, epidermal cell types are not produced by the
posterior daughter cells (Fukushige et al, 2006), and we failed
to detect any change in the spatial pattern of elt-1pHYFP
expressionfollowinghlh-1RNAiorhlh-1;unc-120doubleRNAi
(Figure 3). Therefore, the measurable reduction in elt-1 mRNA
levels mediated by the muscle module is occurring primarily
in the anterior daughters (epiblasts). These observations
suggest that PAL-1 initiates muscle module expression in
all C granddaughters, but that in the anterior cells, ELT-1
prevents its transition to a self-sustaining, irreversible myo-
genic state.
C. elegans is famous for developing from an invariant cell
lineage (Sulston et al, 1983); however, the coexpression of
these opposing regulatory modules in the anterior grand-
daughter cells presumably leads to uncertainty as to which
module will dominate. We argue here that the relative timing
of epidermal and muscle module activation coupled with their
mutual repression and respective topology-dependent repres-
sibility and irrepressibility form the mechanistic basis for the
robustness of cell fate choice in the C lineage. The epidermal
module, because it employs two successive rounds of gene
expression coupled with negative feedback on elt-1,i s
expected to act relatively slowly (Figure 4). In contrast, the
single-step, self-sustaining muscle module is expected to
rapidly become irrepressible, thus irreversibly committing
cells to the muscle fate. Although the muscle module is
primarily activated in the posterior daughter cells, it is
sufﬁciently active in the anterior cells such that in the absence
of the epidermal module, it commits these cells to the muscle
fate. Because the muscle module can rapidly become
irrepressible, it is important that the slow-acting epidermal
module be well established in the anterior cell. Consequently,
the slow acting two-step module is induced a cell cycle before
the muscle module. Alternatively, if both modules were
activated simultaneously by this asymmetric signal, then to
compete effectively with the muscle module, the epidermal
module would need to rapidly progress to a determined state.
This would require a more precise regulator of anterior-
posterior expression to reduce the variable outcomes. It thus
appears that the pairing of a strong, rapidly acting module
(muscle) with a weak, slow-acting module (epidermal)
functions to enhance an initial asymmetric signal and reliably
pattern embryonic development.
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Microarray analysis
mex-3 (zu155) mutant worms (JJ518) were used in this experiment.
RNAi was administered by soaking and RNA was collected from
embryos, both as described previously (Baugh et al, 2005a,b). Cohorts
of 10embryos were used foreachRNA preparation,andhalfofthe RNA
was used for linear ampliﬁcation. The Artus ‘ExpressArt mRNA
Ampliﬁcation Kit’ was used for ampliﬁcation. The manufacturer’s
protocol was modiﬁed in round one with a 10-fold increase in
concentration of primers A, B, and C and a 4-fold decrease in cDNA
synthesis reaction volumes. Microarray hybridization onto Affymetrix
C. elegans GeneChip, scanning, data reduction, and analysis were done
as described previously (Baugh et al, 2003). Expression values were
normalized using RMA (Bolstad et al, 2003). The epidermal gene set of
‘down-stream’ genes is composed of 10 cuticular collagens: col-76, col-
93,col-94,col-117,col-125,col-154,dpy-4,dpy-14,dpy-17,an dsqt-3.Th e
muscle gene set is composed of those genes previously identiﬁed to be
enrichedinmuscle(Royetal,2002;Schwarzetal,2006)that arealsoC-
lineage enriched (decreased by pal-1 RNAi at 1860 or 2300, P-value 0.05)
and contain at least two E-box or two CArG motifs in their ﬁltered
promoters (see below): dgk-2, rpl-1, T28B4.3, grl-6, K11D12.11, unc-27,
alh-8, rpl-31,a n drps-5. To this list, we also added C-lineage genes
(Baugh et al, 2005a) whose Wormbase (Schwarz et al, 2006) gene
annotationsprovidedsupportforexpressioninbody-wallmuscle:pat-4,
pat-10, dhp-2, gas-1, gpd-2, gta-1, let-268, sup-12,T 0 9 B 4 . 8 ,F 1 0 E 7 . 4 ,
F56C11.3,F53F10.1,andzig-7.Thecompletedatasethasbeendeposited
in the Gene Expression Omnibus with accession code GSE9665.
Yeast one-hybrid
TF cDNAs were cloned into the yeast expression vector pPC86
(Chevray and Nathans, 1992). Promoter fragments including 1.3–
1.5kb upstream of the translation start site were cloned into one of
three yeast reporter vectors; pHisi-1 (Clontech), pLacZi (Clontech), or
pJJS50 (a yCp variant of pHisi-1 with a LEU2 selectable marker).
Reporter and TF plasmids were cotransformed into YM4271 yeast (BD
Biosciences) and tested for interaction by growth on selective medium
or by b-galactosidase activity. Promoter fragments driving HIS3 were
tested for growth on selective medium with varying concentrations of
3-AT. Pscrt-1 and Pelt-3 were cloned into pHisi-1. Pelt-1,P hnd-1,P nhr-
25,Pnob-1,Ptbx-8,Ptbx-8,9,andPvab-7wereclonedintopJJS50.Phlh-
1,P pal-1,P tbx-9, and Punc-120 were cloned into pLacZi and tested for
interaction by b-galactosidase activity. In all cases, interactions were
deemed positive if they showed reporter activity above background
levelsseenincorrespondingyeasttransformedwithemptypPC86.The
lin-26 promoter was not cloned due to its location in an operon.
Reporter analysis
Fluorescent reporters for hlh-1 (PD7963), elt-1 (JG33), and nhr-25
(HC395) expression were obtained from previous reports (Chen et al,
1994; Baugh etal, 2005a; Smith etal, 2005). dsRNAwas made by invitro
transcription. DNA templates were ampliﬁed by PCR from cDNAs using
primers containing minimal T7 or T3 promoters. Followingpuriﬁcation,
thedsRNAwas reannealed by heatingto901C and then cooling 61C/min
to 251C and diluted to approximately 0.3mg/ml. Primer sequences used
are available in Baugh et al, 2005b. Young adult animals were injected
with dsRNA and allowed to recover overnight. Four-cell stage embryos
were collected from injected mothers and mounted on 2.0% agarose
pads.Afterincubationof60–90minat221C,embryoswereimagedusing
aZeissAxiovert200mspinningdiscconfocalmicroscopeequippedwith
a PerkinElmer UltraView confocal scanner unit, Melles Griot ion laser,
and Hamamatsu Orca-ER digital camera. A total of 20 optical sections of
1.5mmw e r et a k e na l o n gt h ez-axis every 10min with exposure times of
350 or 450ms. Two-dimensional projections of three-dimensional
images were generated using Axiovision software release 4.4.
Statistical analysis
To assess the statistical signiﬁcance of an TF RNAi on a gene’s
expression (Figure 2), we calculated Z-scores: Z¼|e m|/s, where e is
the mean perturbed expression, m is mean unperturbed expression,
and s is the standard deviation of the unperturbed expression. To
assess the signiﬁcanceof effect of RNAi on epidermaland muscle gene
sets (Figure 5), we compared the observed effects to the effects on
10,000 equallysized sets ofrandomlychosenembryonicallyexpressed
genes, as previously identiﬁed (Baugh et al, 2003). We computed the
corresponding P-value as the fraction of randomly selected sets whose
mean fold-change is larger than that of the observed.
Computational identiﬁcation of cis-binding sites
For each TF, C. briggsae (Stein et al, 2003) and C. remanei (Schwarz
et al, 2006) orthologs were identiﬁed using Wormbase (Schwarz et al,
2006). Promoter sequences were deﬁned as the 50 intergenic sequence
(up to 1.5kb upstream from the start of transcription) concatenated
with the ﬁrst intron (up to 1kb). wuBLATN was used to identify
regions of similarity between the C. elegans TF promoter and either of
the C. briggsae and C. remanei sequences (mismatch penalty, 2; Word-
size, 6; E-value, 3). These ﬁltered sequences were produced by
converting each base to ‘N’ if it did not appear in an aligned region in
either search. To determine the signiﬁcance of the appearances of
GATA, E-box, TCF, and CArG (see Table I for motifs), we permuted the
ﬁltered sequence 1,000 times by randomly re-ordering the nucleotides
without accounting for di- and trinucleotide frequencies—while
constraining the locations of the non-aligned segments—and com-
puted the number of sites corresponding to each motif. The mean and
standard deviations of 1,000 permutations were used to determine the
Z-score of the actual number of observed sites.
Supplementary information
Supplementary information is available at the Molecular Systems
Biology website (www.nature.com/msb).
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